The electronic structure and magnetism of individual Dy atom adsorbed on the (1 1 1) surface of Ir is investigated using the combination of the density functional theory with the Hubbard-I approximation to the Anderson impurity model (DFT + HIA). The Dy 3þ adatom is found magnetic with the magnetic moment of 9:35l B in the external magnetic field. The spin and orbital magnetic moments, and their ratio are evaluated, and compared with the X-ray magnetic circular dichroism data. The positive magnetic anisotropy energy of %1.3 meV determines the out-of-plane orientation of the Dy adatom magnetic moment. The role of 5d-4f interorbital exchange polarization in modification of the 4f shell energy spectrum is emphasized. We predict the Dy magnetization to drop by the factor of three with switching off the external magnetic field.
Introduction
The discovery of giant magnetic anisotropy energy in single Co adatoms on Pt(1 1 1) [1] opened new opportunies in a quest for the ultimate size limit of magnetic information storage. Surface supported single magnetic atoms occupy a fundamental place in a field of a model quantum spin systems. Initially, the research mainly focused on 3d transitional metals, where the large values of the out-of-plane magnetic anisotropy were found. Nevertheless, no magnetically sTable 3d adatoms were found above 0.3 K. This indicates, that other factors, such as quantum tunnelling of the magnetization, scattering with the substrate electrons and phonons, can play a role in the magnetic moment stability. Very recently, the research turned to magnetic rare-earth (RE) atoms adsorbed on metallic [2] [3] [4] , and insulating [5] solid surfaces. Importantly, the magnetic remanence was observed for Ho atom adsorbed on MgO, and for Dy atom on graphene grown on Ir(1 1 1) [6] .
We present the theoretical calculations of the electronic structure, the spin and orbital magnetic moments for the Dy atom adsorbed on Ir (1 1 1) surface (Dy@Ir). This study is motivated by a systematic experimental X-ray magnetic circular dichroism (XMCD) measurements for the RE adatoms on different metal surfaces [6, 7] . The calculations are performed making use of a combination of the density functional theory (DFT) with the Hubbard-I approximation (HIA) for a single-impurity Anderson model [8] , including the charge self-consistentcy. In this approach, the DFT electronic structure obtained by the relativistic version [9, 10] (with the spin-orbit coupling (SOC) included) of the fullpotential linearized augmented plane wave method (FLAPW) [11] is extended to account for the full structure of the 4f-orbital atomic multiplets and their interaction with the conduction bands [12] . Previously, the method was used to treat the magnetic properties of Ho adatom on Pt(1 1 1) surface (Ho@Pt) [13] , and now we apply it to study Dy@Ir.
Method
We follow the ''DFT++" methodology [14] , and consider the
H 0 is the oneparticle Hamiltonian found from ab initio electronic structure calculations of a supercell; H int is the on-site Coulomb interaction
[14] describing the f-electron correlation. We assume that electron interactions in the s; p, and d shells are well approximated in DFT.
In the RE atoms the 4f electrons are mainly responsible for the magnetic moment, and the external spd electrons make only a discreet contribution to it. Their role, however, can not be disregarded, since these outer electrons strongly infuence the electronic and magnetic properties of the system, and can take an essential part in a process of magnetic relaxation.
The effects of the Coulomb interaction on the electronic structure are described by a local one-particle selfenergy RðzÞ (where z is a complex energy), which is calculated in a multiorbital Anderson impurity model [8] , including the spin-orbit coupling (SOC) and the ''crystal-field" (CF) terms,
where f y mr creates an electron in the 4f shell, the energy position f of the impurity level is measured from the chemical potential l, and 1 is a unity matrix in the 4f spin-orbital space. The parameters n; D ex , and matrix D CF specify the strength of the SOC, the exchange field, and the size of CF, acting on the f-shell. This model corresponds to the Hubbard-I approximation (HIA), and assumes that the hybridization between the f states and the bath orbitals is weak, so that the Anderson impurity model is reduced to the atomic limit. The use of HIA allows to substantially reduce the computational cost needed for the exact diagonalization of the many-body Hamiltonian H int Eq.(1).
The DFT + HIA calculations are performed in the charge selfconsistent implementation as described in details [12, 13] . The Dy f-shell SOC parameter, and the CF matrix D CF in Eq. (1) are determined during the self-consistent calculations [13] . Note that at this stage of the calculations the f-states non-spherical contributions to the DFT potential are excluded to avoid the non-spherical double counting [12] .
The CF matrix D CF in Eq. (1) 
where V ee is an effective on-site ''Coulomb-U" interaction, the combined spin-orbital index c ¼ ðmrÞ is composed from the angular m and spin index r, the dn c 1 ;c 2 is the difference between the on-site foccupation matrix n c 1 ;c 2 , and an average spin-orbital occupation n r ¼ 1 2lþ1 P l m¼Àl n mr;mr . We make use of the 3 Â 3 Â 1 supercell model with twentyseven Ir atoms (three layers), and the rare-earth adatom which is placed in the hollow position with the symmetry C 3v atop the Ir (1 1 1) surface shown in Fig. 1A . In the FLAPW calculations, 108 special k-points in the two-dimensional BZ were used, with Gaussian smearing for k-points weighting. The ''muffin-tin" radii of R MT ¼ 2:75 a:u. for Dy, R MT ¼ 2:40 a.u. for Ir, and R Dy MT Â K max ¼ 8:25 (where, K max is the cut-off for LAPW basis set) were used.
The Coulomb U values of 7.00 eV, and the exchange J of 0.82 eV were used, which are in the ballpark of commonly accepted values of U and J for the rare earths [16] . The double-counting correction
ðU À JÞ n f [17] , which determines the mean position of the interacting f-level and controls the number of f-electrons (n f ), was used. All calculations are performed at low temperature k B T ¼ 2 meV.
Results
The optimal height h Dy for the rare-earth Dy adatom above the Ir surface layer was obtained from the total energy DFT + HIA calculations (see Fig. 1B) , and is equal to 4:372 a.u. In these calculations the Dy adatom was treated in a paramagnetic state. The felectron occupation hn f i of 9.5 is obtained from the selfconsistent solution of Eq. (3) of Ref. [13] , and defines f in Eq.
(1). The energy splitting of the sixteen lowest many-body eigenvalues of Eq. (1), which correspond to the expectation values of hJi ¼ 7:50, are shown in Fig. 2A . The lowest energy is jJ ¼ 7:5; J z ¼ AE7:5i double-degenerate state, and the state jJ ¼ 7:5; J z ¼ AE0:3i is 23 meV higher in the energy. This energy difference determines the so-called zero-field splitting (ZFS) energy barrier of 23 meV, which defines the energy scale for the ''spinflip" fluctuations. The expectation values of hJi ¼ 7:5, hSi ¼ 2:4, hLi ¼ 5:1, and Lande factor g = 1.32 correspond to Dy 3þ ion configuration, in agreement with experimental X-ray adsorption spectra (XAS) analysis [6] . Next, we have performed the spin-polarized calculations assuming the magnetic saturation of the Dy-adatom f-shell. In these calculations, we applied HIA to DFT with the nonspin-polarized exchange-correlation functional in order to exclude the contribution of f-intraorbital exchange field into the double-counting W dc [18] . The exchange splitting D ex was introduced, which corresponds to the interorbital exchange energy between the 4f and mainly 5d states of Dy, J fd m 5d [18] , where J fd is $0.1 eV/l B [19] , and m 5d is the magnetic moment of the 5d states. As follows from our spin-polarised DFT calculations, the m 5d % 0:05l B , and D ex ¼ 5 meV was used in the calculations.
The calculated ground state magnetic properties are shown in Table 1 
value, the ratio of the orbital to the effective spin moment, of 0.85 is calculated, in a very good agreement with the XMCD experiments. The energy splitting of the sixteen lowest many-body eigenvalues of Eq. (1), which correspond to the spin-polarized solution, are shown in Fig. 2B . The ground state is jJ ¼ 7:5; J z ¼ 7:5i, and the energy needed to turn magnetization from the out-of-plane to the in-plane orientation is of %30 meV.
The total and j ¼ 5=2; 7=2 projected f orbital density of states (fDOS) for the paramagnetic Dy@Ir is shown in Fig. 3 (A) . The fDOS consists of the lower "Hubbard" manifold below E F , which is a mixture of j ¼ 5=2 and j ¼ 7=2 characters, and the upper "Hubbard" manifold of j ¼ 7=2 character since the j ¼ 5=2 states are fully occupied for the f 9 manifold. The fDOS (total and spin-resolved)
for spin-polarised Dy@Ir and D ex = 5 meV is shown in Fig. 3 (B) . It is seen that main effect of spin-polarisation is to redistribute
